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We employ the gauge/gravity duality to study the jet quenching of light probes traversing 
a static yet anisotropic strongly coupled Af = 4 super Yang-Mills plasma. We compute the 
stopping distance of an image jet induced by a massless source field, which is character- 
ized by a massless particle falling along the null geodesic in the WKB approximation, in 
an anisotropic dual geometry introduced by Mateos and Trancancelli. At mid and large 
anisotropic regimes, the stopping distances of a probe traveling in the anisotropic plasma 
. along various orientations are suppressed compared to those in an isotropic plasma especially 

£NJ ■ along the longitudinal direction at equal temperature. However, when fixing the entropy 

density, the anisotropic values of stopping distances near the transverse directions slightly 
surpass the isotropic values. In general, the jet quenching of light probes is increased by the 
JL. . anisotropic effect in a strongly coupled and equilibrium plasma. 
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INTRODUCTION 
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CN | The AdS/CFT correspondence (or gauge/gravity duality) [l|45|] is a duality between the M = 4 

SU(N C ) super Yang-Mills theory(SYM) and the type IIB supergravity in the Anti-de Sitter space 
AdS*, x S at the large t'Hooft coupling and large N c limit, which has been widely utilized to 
tackle strongly coupled systems. Various findings from the quark gluon plasma (QGP) generated in 
the heavy ion collisions suggest that QGP behaves as a nearly perfect fluid which involves 

non-perturbative physics suitable for the application of the AdS/CFT duality. Although the M = 4 
SYM is conformal, which differs from QCD in many properties, it may reveal some of qualitative 
features of QCD in the strongly coupled regime. One of the renowned works is the universal lower 
bound of the ratio of shear viscosity over entropy density found in the holographic model fl5. \\\. 

Although the ideal hydrodynamics successfully describes many properties of QGP based on 
experimental data, further studies propose that the medium should be anisotropic in the early 



times during the formation of QGP 
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-28|. Within the time period tq ~ Q s 1 < r < 
where Q s represents the saturation scale of colliding nuclei, the pressure of the medium along 
the transverse direction (perpendicular to the beam axis) may surpass the pressure along the 
longitudinal direction (parallel to the beam axis). Moreover, the recent study on the thermalization 
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of a strongly coupled plasma via AdS / CFT correspondence suggests an anisotropic medium even in 
the late times [291 . 3o| . The authors examined a wide variety of initial conditions and found all setups 
lead to anisotropic hydrodynamics after the thermalization. Therefore, at least withing a certain 
time period, QGP could be dictated by anisotropic hydrodynamics with unequal pressures along 
distinct directions. Despite the spacial expansion of QGP with respect to time, the investigation 
of a static yet anisotropic plasma may shed some light on the physics in early times. In 
and 
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33j, the dual geometries of such a strongly coupled and static plasma with anisotropy 
are derived. The former is originated from solely the anisotropic energy stress tensor, while the 
spacetime has a naked singularity. The latter is generated from a five-dimensional effective action 
with a dilaton and an axion field linearly depending on an anisotropic factor, which results in 
a regular geometry. The further study of a static and anisotropic plasma with finite chemical 



potentials can be found in 

The energy loss of hard probes in such strongly-coupled anisotropic plasma described by holo- 
graphic models has been investigated recently. The energy loss of heavy probes in the gravity 
dual can be characterized by the drag force obtained from a trailing string moving in the dual 
361 ] or the jet quenching parameter extracted from a lightcone Wilson loop probing 



geometry 
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the infrared scale 
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381 ]. The jet quenching parameter, drag force as well as the heavy quark po- 



tential are computed in holographic duals 



39|-|42|. In addition, the energy loss of orbiting quarks 



and quarkonium dissociation in an anisotropic holographic dual also have been explored in 



and 



43] 



44j ] , respectively. It is found in 4l| , [42| that the drag force in the anisotropic plasma can be 



smaller or larger than the isotropic case depending on different velocities and orientations of the 
probes. On the other hand, the anisotropic value of the jet quenching parameter may be enhanced 
or reduced when comparing to the isotropic value at equal temperature or at equal entropy density 



39, 



40 ] . These studies focus on the jet quenching of heavy probes in the gravity dual, whereas 
the anisotropic effect on light probes has not yet been investigated. In the isotropic case, the jet 
quenching of light probes can be characterized by a maximum stopping distance of a massless 



particle falling along the null geodesic in the dual geometry based on various approaches 



45j-(48j. 



We will thus carry out the computation of the stopping distance in the anisotropic dual geometry 



introduced from 
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33]. 



In Section II, we will compute the stopping distance of a light probe at small anisotropy or 
equivalently at high temperature by tracking a massless particle falling in the anisotropic geometry 
up to the leading-order expansion of the ratio of anisotropic factor over temperature. We then 
present the numerical results of stopping distances at mid and large anisotropy in Section III and 
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make a brief summary in the final section. 



II. STOPPING DISTANCES AT SMALL ANISOTROPY 



In this section, we will investigate the maximum stopping distance of a li ght 
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probe in an 



331 ] , Mateos and 



anisotropic plasma at the high-temperature or the small-anisotropy regime. In 
Trancanelli(MT) introduced a five-dimensional dilaton-axion action, which leads to an anisotropic 
solution of the spacetime metric. In the Einstein frame, the solution is given by 



ds 2 



-<f>(z)/2 



-F(z)B{z)dt 2 + dx\ + U{z)dx 2 L + 



dz 2 
T{z) 



(1) 



where dx\ 



(dx 1 ) 2 + (dx 2 ) 2 and dx\ = (dx 3 ) 2 represent the transverse direction and the longi- 



tudinal direction, respective. The metric is generated by a dilaton (p(z) and an axion x( z ) = clxl 
encoding the anisotropic factor a, where a represents the number density of D7-branes along the 
longitudinal direction as a magnetic source of the axion. In the high-temperature or the small- 
anisotropy regime (T 3> a), the analytic expression of the metric up to the leading order can be 
found, 



Hz) 

B(z) 
H(z) 



l-- + a 2 F 2 {z) + 0{a A ), 



l + a 2 B 2 {z) + 0(a 4 ), 

a 2 2 (z) + O(a 4 ), 



e"^ z \6(z 



(2) 



where Zh is the event horizon such that J-{zh) = 0. From ([2]), the MT metric in ([T]) will reduce to 
the AdS-Schwarzschild metric when a — > 0. The explicit expression of the leading-order anisotropic 
terms are 



w = 


1 


8z 2 (z 2 


-z 2 ) 


B 2 {z) = 


4 
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+ lo 
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fa(z) = 


-flog(l + 


A) 



The temperature at the leading order is defined as 



Z = Zh 



51og2 - 2 



47T 



+ a Z h- j 



+ 0(a 4 ). 



(3) 



(4) 
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Conversely, the horizon can be written as 

1 2 51og2-2 4 

Now, we may study the jet quenching of a light probe in the anisotropic plasma by computing 
the stopping distance of a massless particle moving along the null geodesic in the MT metric. We 



will follow the approach in 
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50l | , where an R-charged current is generated by a massless gauge 
field in the gravity dual. The induced current may be regarded as an energetic jet traversing the 
medium. When the wave packet of the massless field falls into the horizon of the dual geometry, the 
image jet on the boundary dissipates and thermalizes in the medium. In the WKB approximation, 
a localized wave packet of the massless field can be treated as a massless particle, which falls along 
the null geodesic. Prom ([1]), we see that the metric preserves the translational symmetry along the 
four-dimensional spacetime. Therefore, the four-momentum of the massless particle is conserved. 



(6) 



The general expression of the null geodesic takes the form [4 

dx l g^Qj 

dz 9zz (-q k qig kl ) 1/2 



where gij is the spacetime metric and qi for i = 0, 1, 2, 3 is defined as the conserved four- momentum 
of the particle. In fact, the null geodesic in remains unchanged even when we use the string 
frame. The stopping distance in an isotropic medium governed by AdS-Schwarzschild spacetime is 
given by 

/** dz 

Xs = I — TT72' ( 7 ) 







1 F(z) 



where F(z) = 1 — z 4 /zjj and zjj denotes the position of the event horizon. Here to and q represent 
the energy and the spacial momentum of the particle, respectively. Analogously, by employing ([1]) 
and ([6]), we can compute the stopping distances of the probes traveling along the transverse and 
the longitudinal directions in the anisotropic medium, 



f Zh dz 

XT = / "7 \T/2' (8) 

Jo 1 ^ _ ttV 

r*» dz 

x l = I — ; : TT/2' ( 9 ) 



nj II w 2 _ T 
n 1 BW H 
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where we assume that the particle carries the spatial momentum solely along one of the transverse 
direction in ([8]) and solely along the longitudinal direction in ([9]). 

To compare the stopping distance in the media with and without the anisotropic effect, we have 
to fix a proper physical parameter. In the following computation, we will fix the temperature, 
energy density, and entropy density, respectively. From ([8]) and ([!]), we see that the parameter- 
dependence of the stopping distance is encoded by the position of the horizon in terms of the 
physical parameter we fix. By inserting ([5]) into © and ([9]), we can compute the stopping dis- 
tance by fixing the temperature of the medium. The stopping distances for different values of the 
anisotropy factor a in units of temperature are illustrated in Fig{TJ In [33j, the energy density and 
entropy density up to leading order in a 2 are given by 

3N?i, 2 T' ,jv?t 2 ml ,. t 

N 2 tt 2 T 3 2 N 2 T 

Combining © and (|10p . we rewrite the position of the horizon in terms of the energy density or 
the entropy density, 

3iV|V /4 _i/4 1 '«^ 1/4 



Zh = I ~^7T i € 



Zh 



8tt 2 



n 2 N 2 \ 1/3 s-V 3 



128tt 2 \3N 2 J c y ' 



+ a ^J^l N 2 s ^ + (D {a i ). (11) 



7T 967T 



By utilizing ([8]) , © , and ([11]) , we are now able to compute the stopping distances for fixed energy 
density or fixed entropy density. The results are shown in FigJ2] and FigI2J We find that the 
nonzero anisotropic factor leads to smaller stopping distances in both the transverse direction and 
the longitudinal direction, which indicates stronger jet quenching of light probes traveling through 
the anisotropic medium. The quenching is more pronounced along the longitudinal direction. 
Although this effect is rather small, it is not surprising since the momentum anisotropy for a < T 
is rather small as shown in 42|. In contrast to light probes, the jet quenching of heavy probes is also 
weakly enhanced at small anisotropy or at high temperature. As shown in [42|], only slightly greater 
jet quenching parameters and drag forces of heavy probes moving beyond the critical velocity are 
found in the MT geometry at a/T = 0.3. 

We now analyze the relation between the energy density and the stopping distance in the 
anisotropic plasma in more detail. In the AdS-Schwarzschild spacetime, the energy density is 
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characterized by the temperature, e = 3tt 2 N 2 T 4 /8. By using ([7]), the stopping distance can be 
rewritten as 



w 

where r = z/zh and q 2 = —uj 2 + \q\ 2 in the integral and Aq(N c , uj, \q\) is a dimensionless factor. We 
see that the stopping distance of the hard probe decreases when the energy density is increased. 
This is analogous to the weakly-coupled plasma where the jet quenching is enhanced for increasing 



energy density 
order a 2 becomes 



51] . When including the anisotropic effect, the transverse stopping distance to the 



l z o 
x T = I dr "" 



1+ 7 A {B 2 ^ 2+ F 2 ) + a 2 5zl 



2 + 



1/2 

e- l / A A Q {N c ^M) + a 2 e-^Al{N c ,uM), (13) 



where z® and 5z® can be read off from pip . Here e a is the energy density shown in (|10p and we 
may take e a = e for comparison. For the hard probe with small virtuality, the dimensionless factor 

(N c , lo , \q\) is negative; hence the suppression of the stopping distance led by the first-order 
anisotropic correction is reduced when the energy density is increased. The longitudinal stopping 
distance xl can be written in the same form as xt by substituting Af(N c ,uj, \q\) with a different 
numerical factor A^(N C , ui,\q\), where Af(N c , uj, \q\) is also negative at small virtuality. The similar 
scenario for fixed entropy density could be found by following the same approach. 

In general, in the high-temperature or small- anisotropy limit, the anisotropic values of stopping 
distances are slightly smaller than the isotropic values by fixing one of physical parameters such as 
temperature, energy density, or entropy density. The jet quenching along the longitudinal direction 
is particularly enhanced, although the enhancement is rather small. 



III. STOPPING DISTANCES AT MID AND LARGE ANISOTROPY 



To investigate the jet quenching in the mid-anisotropy or the large-anisotropy regimes, we have 
to employ the numerical solution of the MT metric. As shown in [331 ] . the spacetime metric is 
derived from solving the Einstein equations and the dilaton equation with the only restriction 



7 



R x 

1.000: 

0.999 1 

0.997 
0.996 
0.995 
0.994 
0.993 : 



0.1 0.2 



0.3 



0.4 0.5 T 



FIG. 1: R x = Xaniso/xiso represents the ratio of the stopping distances in the MT geometry with anisotropy 
to without anisotropy, where x an i SO = xt for the red points and x an i SO = xl for the blue points. Here we 
take \q\ = 0.99a; and fix the temperature of media. 
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FIG. 2: R x — Xaniso /xi SO represents the ratio of FIG. 3: 
the stopping distances in the MT geometry with the stopping distances in the MT geometry with 
anisotropy to without anisotropy, where x an i SO = anisotropy to without anisotropy, where x an i SO — 
Xt for the red points and x an i SO = x^ for the blue xt for the red points and x an i SO = x^ for the blue 
points. Here we take N c = 3, \q\ = 0.99a; and fix points. Here we take iV c = 3, |<f| = 0.99a; and fix 
the energy density of media. the entropy density of media. 



^{ z h) = by taking the following expansion, 



4>(z) = 4> h + ^20 n {z - z h ) n , 

n>l 



(14) 



where 4>{z) = 4>{z) + log a 4 / 7 . By fixing (f>(0) = 0, the anisotropic factor will be determined by 
a = e4^(°). The numerical result of the metric should only depend on the values of 4>h and Zh- The 



8 



full expressions of the temperature and entropy density are 



. e ^(4>b~4>h) 



I67rz h 
= r^ae 

where 4>b = 0(0)- Here we are interested in the stopping distance along an arbitrary direction. Due 
to the rotational symmetry in the transverse directions, we may set the four-momentum of the 
massless particle as qi = (-co, \q\ sim/;,0, \q\ cosip), where tp denotes the polar angle in the x 1 — x s 
plane with respect to the longitudinal direction x 3 . The probe thus travels along the longitudinal 
and transverse directions for ip = and ip = tt/2, respectively. Now the stopping distance acquired 



from © is given by x aniso = J x^ s + x 2 Ls , where 



!' Zh sin if; 

x Ts = / dz 



° (^-^(cos^ + ^sin 2 ^)) 1/2 ' 

r z h cos ip 
x Ls = / dz — — -. (16) 

^(^-^(cos 2 V + ^sin 2 ^) 

By inserting the numerical solutions of the spacetime metric into the equation above and carrying 
out the integrations, the stopping distances at mid and large anisotropy in comparison with those 
in the isotropic case are shown in FigU] and FigJSJ When fixing the temperature, the stopping 
distances in both mid and large anisotropy are smaller compared to the isotropic results. As 
shown in both figures, when ip decreases, the suppression of the stopping distance becomes more 
robust, which suggests stronger jet quenching along the longitudinal direction. In contrast, at equal 
entropy density, the enhanced jet quenching in the anisotropic medium becomes less prominent and 
the stopping distances of probes moving close to the transverse directions even exceed the stopping 
distances in the isotropic case. Overall, the jet quenching of light probes is enhanced when turning 
up the anisotropic effect except for the probe moving along the transverse direction. 

After finding the results at mid and large anisotropy, we may make a comparison with the 
influence of the anisotro pic effect on the jet quenching of heavy probes. In the studies of the 



drag force in MT metric 



41 



421 ] . the longitudinal drag is as well enhanced by anisotropy at equal 
temperature or at equal entropy density . Also, at mid or large anisotropy, the enhancement of 
the drag force for the probe traveling more parallel to the transverse direction diminishes. When 
the magnitude of the probe velocity is smaller than a critical value, the transverse drag could 
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be smaller than the isotropic drag at equal temperature or equal entropy density. Despite the 
velocity dependence, the angular dependence of the anisotropic drag is qualitatively analogous to 
the scenario of the anisotropic stopping distance we find. For the jet quenching parameter computed 
from lightcone Wilson loops, the enhancement or the suppression due to anisotropy are more subtle, 
which depends on both the direction of moving quarks and the direction of momentum broadening 
Nevertheless, since the momentum broadening is attributed to collisions between the 
heavy quark and thermal partons in the medium, this effect should be suppressed compared to 
the radiation energy loss in the case of light probes. As a result, we may not anticipate that 
the anisotropy effect on stopping distances of light probes shares the same features with the jet 
quenching parameters. 
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FIG. 4: The red and blue curves represent the FIG. 5: The red and blue curves represent the 
ratios R x — x an i SO /xi SO at mid anisotropy at ratios R x — x an i SO /xi SO at large anisotropy at 
equal temperature and at equal entropy density, equal temperature and at equal entropy density, 
respectively. Here we take \q\ — 0.99a;, Zh = 1, respectively. Here we take |<7| = 0.99w, Zh = 1, 
and a/T w 4.4 or equivalently a/s 1 / 3 « 1.2 for and a/T 86 or equivalently a/s 1 / 3 ~ 17 for 
N c = 3. N c = 3. 



IV. SUMMARY 



In this paper, we have calculated the maximum stopping distance of an energetic jet traveling in 
a strongly coupled anisotropic plasma by analyzing the null geodesic of a massless particle falling 
in the dual geometry. We carried out the investigation from low anisotropy to large anisotropy. At 
small anisotropy, the stopping distances slightly decrease in comparison with the isotropic case for 
fixed temperature, energy density, and entropy density, respectively. At mid or large anisotropy, 
we found that the anisotropic stopping distances are generally smaller than the isotropic ones at 
equal temperature or equal entropy density especially along the longitudinal direction. However, 
along the transverse direction, the suppression of the stopping distance becomes less prominent at 
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equal temperature. When fixing the entropy density, the transverse stopping distance is even larger 
than the isotropic one. In the end, we discussed the similarity between the anisotropic stopping 
distances of light probes we found and the anisotropic drag forces of heavy probes in previous 
literature. 
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